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summary
A cDNA library constructed from 3 day post-infective L3 of the filarial nematode Brugia pahangi was screened by
differential hybridization with cDNA probes prepared from different life-cycle stages. Five cDNA clones hybridizing
selectively to the mosquito-derived L3 probe were isolated and characterized. Northern blot analysis of 4 of the clones
confirmed that each was most highly expressed in the mosquito-derived L3. The expression of each mRNA during parasite
development in the mosquito vector was investigated using RT–PCR, and all were shown to be abundant in the immature
L3. Four of the 5 cDNAs cloned coded for structural proteins: 2 cuticular collagens, and the muscle proteins tropomyosin
and troponin. Further studies on troponin using an antiserum raised to the recombinant protein demonstrated that the
protein, unlike the mRNA, was present in all life-cycle stages examined, while immunogold labelling demonstrated that
it was localized to the muscle blocks.
Key words: Brugia pahangi, L3, differentially expressed genes, troponin, tropomyosin, cuticular collagens.
introduction
Filarial nematodes are blood and tissue-dwelling
parasites, which are transmitted by arthropod
vectors. The human lymphatic filarial nematodes
Wuchereria bancrofti, Brugia malayi and Brugia
timori, infect an estimated 120 million persons
world-wide (Michael, Bundy & Grenfell, 1996) and
cause a significant degree of morbidity in infected
individuals. Studies in animal models have shown
that immunization with the L3, the infective form
for the mammalian host, induces significant levels
of protective immunity (Oothuman et al. 1979;
Bancroft & Devaney, 1993). Furthermore, data from
field studies support the concept that the L3 is the
target of protective immune responses (Day,
Gregory & Maizels, 1991), while epidemiological
data suggest the development of an age-dependent
immune response in endemic areas (Vanamail et al.
1989). However, the antigens responsible for
eliciting protective immune responses have not been
identified.
Many of the Brugia antigens characterized to date
are shared between different life-cycle stages, while
the antigens involved in protective immunity are
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 Nucleotide sequence data reported in this paper are
available in the EMBL and GenBankTM data bases under
the accession numbers: SJ1 AJ224966; SJ5 AJ224967;
clone A AJ130821; clone C AJ224968; clone F AJ224969;
clone EE4 X91066.
thought to be L3-specific (Maizels & Lawrence,
1991). For this reason, we have attempted to isolate
cDNAs which are highly expressed in the L3 stage of
the life-cycle, with the long-term aim of determining
whether any of these genes encode proteins with
protective potential. Several previous studies have
sought to identify L3-specific antigens (Lal &
Ottesen, 1988). This is not an easy task because of
the small numbers of L3 usually available, and most
efforts have focused on studying surface components
of the parasites (Carlow et al. 1987; Devaney &
Jecock, 1991). In addition, until recently few cDNA
libraries from the L3 were available. In this paper we
describe the isolation of 5 genes from a cDNA
library prepared from 3 day post-infective (p.i.) L3
of Brugia pahangi (Martin et al. 1996). The library
was screened by differential hybridization with
cDNA probes prepared from a variety of life-cycle
stages. In this study the clones which hybridized
selectively to the mosquito-derived L3 probe were
picked and further characterized. Four of the
differentially expressed cDNAs were characterized




Adults, microfilariae and a range of different post-
infective life-cycle stages were isolated from the
peritoneal cavity of infected jirds. The parasites were
washed in HBSS (Gibco}BRL) at 37 °C and stored
in liquid nitrogen. Vector-derived L3 were harvested
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at room temperature from infected mosquitoes in
Graces Insect TC Medium (Gibco}BRL) by the
mass harvesting technique (Ash, 1974).
RNA isolation
Total RNA was extracted from mf, adult and post-
infective larval stages using a modified hot TRIzolTM
method (Gibco}BRL) as described previously
(Martin, Thompson & Devaney, 1995). RNA was
extracted from infected mosquito thoraces (24 h, day
3 and day 8 p.i.) by a similar method, except in this
case the RNA lysis buffer contained 2% b-mercapto-
ethanol.
cDNA library construction
The construction of the 3 day p.i. L3 library has
been described by Martin et al. (1996). In brief,
RT–PCR using the conserved nematode spliced
leader and oligo dT primers was used to generate the
input cDNA. The library was screened by differen-
tial hybridization with cDNA probes generated from
mosquito-derived L3, 3 day p.i. L3 and adult
parasites. Triplicate filter lifts were screened exactly
as described by Martin et al. (1996). The positive
BluescriptTM plasmids were recovered by in vivo
excision (Stratagene) and the insert sizes determined
by restriction digestion.
Sequencing reactions
Double-stranded sequencing was performed using
the SequiTherm EXCELTM II Long-ReadTM DNA
Sequencing Kit-LC (Epicentre Technologies,
Cambio) and fluorescently labelled (IRD 800) M13
reverse and T7 primers (MWG-Biotech) on an
automated sequencer (Li-cor).
Sequence analysis
Partial nucleotide sequences were searched for
homology against the EMBL, Genbank and
FilGenNet data bases using the FASTA search
programme of the GCG package. Translated amino
acid sequences were searched for in the SWISS
PROT data bank using the same programme.
PCR amplification
First strand cDNA was generated from 2 lg of total
RNA using Superscript IITM and conditions recom-
mended by Gibco}BRL. Reverse transcription
was primed with an oligo dT primer
(&«GCCGCTCGAGT$«
"(
) (500 lg}ml). PCR reactions
were performed on 2 ll of a 1:20 dilution of each
first strand cDNA sample. The reactions contained
200 lm of each dNTP, 5 ll 10‹ AmplitaqTM DNA
polymerase buffer, 1–25 units AmplitaqTM DNA
polymerase (all Perkin Elmer) in a final volume of
50 ll. Gene-specific primers (final concentration
20 ng}ll) were designed for tropomyosin TR1F 5«
CTAAAGCAAAAATGGATGCGATCAAG 3«
and TR3R 5« TCCAAATTAGTATTTGCAACA-
GC 3«, and for troponin ER1F 5« GATTGCATA-
GAGAGAATGGC 3« and ER3R 5« GCTTCAG-
TTTGTTCAGCCGG 3«. For Clone C the cu-
ticular collagen precursor PC1F 5« CGAAACAGC-
TTCTCATTGAGGC 3« and PC3R 5« CCAATT-
GCGCGGGTCCTGC 3«, for Clone F the cuticular
collagen CC1F 5« GGAGTTGGATACATCCAT-
GG 3« and CC3R 5« GCATGTATCATCATCAT-
CCGG 3«.
A constitutive ribosomal protein gene was ampli-
fied using primers (R-forward: 5« GCATTGTTC-
TCAAATAGAGC 3«, R-reverse: 5« CCCATATC-
ATCATCTGATTCC 3«). Preliminary reactions
showed that 23 rounds of PCR gave conditions
where reagents were not exhausted. Cycling was
performed as follows: 94 °C, 1 min, 55 °C, 1 min,
72 °C, 3 min, with a final extension at 72 °C for
10 min. PCR reactions were separated on 2% gels
and blotted on to nylon membrane (Genetic Re-
search Instrumentation Ltd). Blots were pre-
hybridized at 65 °C for 4 h in 20 ml of pre-
hybridization solution (5‹ SSC, 5‹ Denhardt’s
solution, 0–5% SDS containing 20 mg}ml of de-
natured salmon sperm DNA). The inserts from the
positive clones were excised by restriction digest and
gel purified by standard procedures. These frag-
ments were used to generate probes using High
PrimeTM (BCL). The probes were denatured by
boiling for 10 min, added to the bottles containing
pre-hybridization solution (1‹10( cpm}ml) and
hybridized at 65 °C overnight. Blots were washed at
65 °C to 0–1‹ SSC, 0–5% SDS and the resulting
autoradiographs were used as templates to excise the
corresponding filter spots. The counts from each
filter were measured and the relative abundance of
the test gene was expressed as a ratio relative to the
expression level of the control gene in each different
life-cycle stage.
Northern blot analysis
Two lg of total RNA was separated on a 1–2%
denaturing formaldehyde gel and transferred to
nylon membrane in 20‹ SSC. Following UV cross-
linking the blots were pre-hybridized and probed at
65 °C as described above. The blots were washed to
0–2‹ SSC, 0–5% SDS at 65 °C and exposed to X-ray
film.
Antibody production
A 420 bp fragment of the SJ5 troponin cDNA was
amplified by PCR using primers sj5pf 5« CCATG-
GATCCATGGCAGACGAAGAAGAAGAG 3«
and sj5pr 5« CCATGGTACCTTATCGCAACTC-
TTCTTCGAATCTG 3«. This fragment was then
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digested using BamHI and KpnI (Gibco}BRL) and
subcloned into the PQE30 expression vector
(Qiagen). The recombinant protein was purified
through a Ni-NTA resin column (Qiagen) and then
used to raise an antibody in rabbits, by standard
immunization protocols.
Western blot analysis
Equivalent amounts of L3, L4 and adult SDS
sample cocktail extracts were run out on 12–5%
SDS–PAGE gels. The separated proteins were then
transferred onto nitrocellulose paper (Gelman) by
immunoblotting. The blot was stained with Ponceau
S and cut into strips before non-specific antibody
binding sites were blocked with TBS}Tween 20}5%
BSA. Individual strips were probed with control or
test rabbit serum at 1:200. Goat anti-rabbit alkaline
phosphatase conjugate (ICN) was used at a dilution
of 1:6000 and then the blot was developed using
BCIP}NBT substrate (Sigma). Washing with TBS}
Tween 20 was carried out between each incubation,
(3‹15 min, RT).
Immunoelectron microscopy
Larvae and adult worms were fixed in freshly
prepared 4% (w}v) paraformaldehyde, 0–1% glutar-
aldehyde in phosphate-buffered saline (PBS),
pH 7–4 at 4 °C for 30 min. Larvae were concentrated
to a loose pellet, embedded in low temperature
gelling agarose at 37 °C, and brought to 4 °C.
Parasites were cold processed (modified from Ban-
nister & Kent, 1992) to 100% ethanol at fi20 °C,
then infiltrated with increasing concentrations of LR
resin and ethanol at fi20 °C. This was followed by
100% resin for 8 h at 20 °C and infiltration overnight
with agitation prior to polymerization at 20 °C under
365 nm indirect UV light for 2 days. Ultrathin
sections were blocked using 0–2 m glycine and 1%
acetylated bovine serum albumin (Aurion) in PBS
(PBS}aBSA), then incubated for 30 min in a 1 in 100
dilution of primary antibody}PBS›aBSA followed
by a 1 in 10 dilution of goat-anti-rabbit 10 nm gold
conjugate (Aurion)}PBS›aBSA buffer (Griffiths,
1993). Sections were briefly counterstained in 0–5%
uranyl acetate and images examined and photo-
graphed using a Zeiss 902 EFTEM.
results
Isolation of differentially expressed cDNAs
Approximately 20000 plaques from the 3 day p.i. L3
library (Martin et al. 1996) were screened in triplicate
using cDNA probes prepared from mosquito-
derived L3, 3 day p.i. L3 and adult parasites.
Plaques which selectively hybridized to the
mosquito-derived L3 cDNA, but not to the adult
cDNA, and which were very faint with the 3 day p.i.
L3 probe were picked for further analysis. After
taking positive plaques through to a tertiary screen,
14 clones were isolated, all of which contained
inserts. Two clones contained inserts of C100 bp
and were not characterized further. Cross-
hybridization, restriction digest and sequence analy-
sis demonstrated that 5 different genes were repre-
sented by the remaining 12 clones. Three of the
clones (SJ1) contained inserts which showed hom-
ology to nematode muscle tropomyosin mRNA
(Frenkel et al. 1989), while 6 (SJ5) shared homology
with the muscle protein troponin from a variety of
species.
Of the 3 remaining clones, clone A contained a
700 bp insert, which at the time that this study was
carried out, showed no homology to any other
sequences in the database and consequently was not
further characterized. More recent analysis on clone
A has shown a high degree of homology to sequences
from other filarial nematodes. These include a B.
malayi cDNA (AF072679), an O. volvulus cDNA
(U77675) and a cDNA (U29533) corresponding to a
protein expressed in the dog heartworm Dirofilaria
immitis. The D. immitis protein is a secreted molecule
found in L3}L4 ES products. Clone C was hom-
ologous to a cuticular collagen precursor gene (col-
12) from C. elegans (Park & Kramer, 1990) and clone
F shared homology with col-1, another cuticular
collagen gene from C. elegans (Kramer, Cox &
Hirsch, 1982).
Characterization of the L3 cDNAs
The longest of the Brugia tropomyosin inserts was
303 bp (SJ1). This region showed 98% identity with
a B. malayi EST and shared a high degree of
homology with full length sequences for tropo-
myosin from A. viteae (86% identical), and T.
colubriformis (80% identical). As with all the other
cDNAs isolated during the course of this work, clone
SJ1 contained the nematode spliced leader sequence
(SL1) at the 5« end. However, none of the differen-
tially expressed cDNAs isolated were full-length; in
all cases a run of A’s, but no polyadenylation signal,
was present towards the 3« end of each gene. This
presumably relates to the ability of the oligo dT
primer, used in the library construction, to anneal to
A-rich sequences in the nematode genome (Joshua &
Hsieh, 1995; Martin et al. 1996). Northern blot
analysis of SJ1 revealed a transcript size of 2–3 kb,
while the pattern of hybridization of SJ1 on Southern
blots suggested that it belongs to a small multi-gene
family (data not shown). Attempts were made to
obtain a longer length tropomyosin clone by PCR on
different cDNA libraries, but this approach yielded
no further sequence information.
The longest troponin sequence obtained was
415 bp (SJ5), while the transcript size from Northern
blots was 1–8 kb. The clone contains many GAA
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Table 1. The characteristics of the cDNA clones isolated
Gene Accession no.*
Insert (bp)}
Transcript (kb) Homology Identity at nucleotide level (%)
SJ1 AJ224966 303}2–3 Tropomyosin B. malayi (EST L
$
) AA585557 98%
A. viteae (cds) AF000607 86%
T. colubriformis (cds) JO4669 80%
SJ5 AJ224967 404}1–84 Troponin B. malayi (cds) AI234402 93%
O. volvulus (EST L
$
) AI205465 81%
C. elegans (cds) U44759 60%
A AJ130821 700}n.d. 24 kDa
Secreted protein B. malayi (cds L
$
) AF072679 95%
P22U D. immitis (cds) U29533 72%
P22U mRNA O. volvulus (cds) U77675 70%
C AJ224968 294}1–7 Collagen 12}13 B. malayi (EST L
$
) U80975 99%
C. elegans (12) (cds) X51622 63%
C. elegans (13) (cds) X51623 63%
O. circumcincta (cds) X96732 63%
F AJ224969 436}2–0 Collagen 1 B. malayi (EST L
$
) AA280451 96%
C. elegans (cds) J01047 76%
EE4 X91066 560}0–56 60S
Ribosomal D. melanogaster (cds) Y00504 60%
Protein P1
* Accession numbers in Genbank.
 Transcript size determined from Northern blot.
n.d., Not determined.
 EST, expressed sequence tags; cds, coding sequence.
repeats, coding for glutamic acid (E), and in fact
33% of the predicted partial protein sequence
comprised glutamic acid. The clone shares homology
with other genes which are rich in glutamic acid
residues, such as the GARP gene from Plasmodium
falciparum (Triglia et al. 1988) and a number of
troponins and neurofilament proteins from a variety
of different species (Smillie, Golosinska & Reinach,
1988). As with the tropomyosin gene, the highest
homology is with other nematode genes which most
likely encode troponins (see Table 1). The C. elegans
homologue codes for the troponin T isoform, which
is 60% identical to the Brugia troponin. Southern
blots suggest that SJ5 is a single copy gene (data not
shown).
Clones C and F both code for cuticular collagens.
Clone C shows 63% identity to cDNAs encoding
cuticle collagens 12 and 13 from C. elegans, since
these two proteins are identical when mature (Park &
Kramer, 1990). The Brugia clone does not contain
the characteristic Gly-X-Y- repeats ; presumably
this region would have been found had a longer clone
been obtained. Only 294 bp of clone C were obtained
while the transcript size from Northern blots is
1–7 kb. As expected from Southern blots, both clones
C and F hybridized to a number of bands in each
digest, suggestive of a multi-gene family (data not
shown). Clone F is 436 bp long and shares a 76%
identity with a cDNA thought to encode cuticle
collagen 1 from C. elegans. This clone contained the
characteristic Gly-X-Y repeats. Northern blots indi-
cated a transcript size of 2–0 kb for clone F. The
characteristics of the cDNAs cloned are summarized
in Table 1.
Identification of a constitutively expressed cDNA
Since it was important to be able to verify the
expression patterns of the differentially expressed
genes by Northern blotting, a constitutively
expressed cDNA was required for comparison. In
order to identify such a clone, the initial screening of
the cDNA library was repeated as described pre-
viously, except that this time plaques which appeared
to hybridize equally to all 3 cDNA probes were
selected. After secondary screening, 6 clones were
picked, 4 of which contained inserts of sufficient size
to warrant sequencing. Of these only 1 (EE4)
contained an insert which showed reasonable hom-
ology to other sequences in the data bases. This
clone coded for a ribosomal protein with significant
homology to a Drosophila 60S ribosomal protein P1
gene (Wigboldus, 1987). In contrast to each of the
differentially expressed cDNAs isolated in this
study, EE4 was full length. The insert size was
560 bp, as was the transcript size observed by
Northern blot.
Confirmation of the expression pattern of the L3
cDNAs
The expression pattern of each of the cDNA clones
isolated was analysed by Northern blotting of total
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Fig. 1. Northern blot analysis of the constitutive
ribosomal protein gene. RNA was isolated from different
life-cycles stages of Brugia pahangi as described in the
Materials and Methods section. Lane 1, mf RNA; Lane
2, mosquito-derived L3 RNA; Lane 3, 3 day p.i. L3
RNA; Lane 4, 15 day p.i. L4 RNA; Lane 5, Adult
RNA. (A) Hybridization pattern obtained with the
labelled ribosomal protein gene cDNA probe. The size
of the transcript is indicated in kb on the right-hand
side. (B) Ethidium bromide-stained gel before blotting.
Fig. 2. Northern blot analysis of the differentially
expressed clones. Brugia pahangi RNA was isolated
from different life-cycle stages as described previously.
Lane 1, mosquito-derived L3 RNA; Lane 2, 3 day p.i.
L3 RNA; Lane 3, 15 day p.i. L4 RNA; Lane 4, Adult
RNA. Northern blots were probed with tropomyosin
(A), troponin (C) or clone F (E). (A and C) Stripped
and re-probed with the labelled ribosomal protein gene,
shown in B and D respectively. (F) Ethidium bromide-
stained gel corresponding to E. The size of the
transcript is indicated in kb on the right-hand side of
A–E.
RNA isolated from different life-cycle stages of the
parasite. In most cases RNA was obtained from
mosquito-derived L3, 3 day p.i. L3, 15 day p.i. L4
and adult parasites, as described in the Materials and
Methods section. To confirm the expression profile
of the constitutive gene a Northern blot was carried
out with the ribosomal protein probe; in this
experiment RNA isolated from the microfilarial
stage of the life-cycle was also included. A rep-
resentative blot, shown in Fig. 1, demonstrates that
the ribosomal protein mRNA is expressed in all life-
cycle stages examined. The corresponding ethidium
bromide stained gel is shown in the lower panel (Fig.
1). The probe hybridizes to a single transcript of
C0–56 kb; the apparent slight difference in tran-
script size in the microfilariae lane probably reflects
partial degradation of this RNA sample (panel B,
lane 1).
Fig. 2 shows a composite of Northern blots for 3
of the differentially expressed cDNAs. In the case of
the tropomyosin (panel A) and troponin genes (panel
C), the strongest signal was obtained from the
mosquito-derived L3 with minimal signals from the
other life-cycle stages. RNA was present in all the
lanes as demonstrated by the signal obtained when
both blots were re-probed with the ribosomal protein
gene (panels B and D respectively). The pattern of
expression of the two cuticular collagen mRNAs
was different from the other genes isolated. Both
collagens (clones C and F) were highly expressed in
mosquito-derived L3 and in 15 day p.i. L4 parasites,
with a reduced level of expression in 3 day p.i. L3
and no signal apparent in the adult RNA. Clone F is
shown in panel E whilst panel F is the corresponding
ethidium stained gel for this blot. These results
confirmed that the differential screen had been
successful in isolating cDNAs which were up-
regulated in the vector-derived L3.
The cluster analysis (Blaxter et al. 1999) shown in
Table 2, (kindly provided by Dr M. Blaxter), shows
the percentage of each B. malayi EST data set which
corresponds to the B. pahangi gene studied. These
results, by and large, confirm the Northern blot
analysis of the different B. pahangi life-cycle stages.
The B. malayi homologues of 4 of the 5 differentially
expressed B. pahangi genes are most abundant in
the L3 EST data set, while tropomyosin is most
abundant in the B. malayi L4 EST data set. The
constitutive ribosomal protein gene is expressed in
all data sets.
Expression of the L3 genes during parasite
development in the mosquito
As all the genes isolated in this study were highly
expressed in the mosquito-derived L3, it was of
interest to examine their expression pattern during
development to the L3 in the mosquito vector. For
these experiments, total RNA was isolated from the
thoraces of infected mosquitoes at different time-
points p.i., as described in the Materials and
Methods section. RT–PCR was carried out using
gene-specific primers and the abundance of each of
the differentially expressed mRNAs was expressed
relative to that of the ribosomal protein mRNA for
each life-cycle stage tested. As well as developmental
stages in the mosquito, vector-derived L3, 3 day p.i.
L3, 15 day p.i. L4 and adult parasites were analysed.
This analysis was repeated on at least 2 separate
occasions with similar results. Fig. 3 shows an
example of the relative abundance of tropomyosin
(A) and troponin (B) mRNAs compared to the
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Table 2. Percentage of each Brugia malayi EST set which corresponds to the B. pahangi genes















AJ224966 Tropomyosin tmy-1 BMC04766 0–01 0 0 0 1–0 0 0
AJ224967 Troponin tin-1 BMC00135 0–2 0–1 0 0–7 0–1 0 0
AJ130821 Alt alt BMC03432 0–2 0 0 0–7 0 0–1 0
AJ224968 Collagen col-12 BMC00164 0–1 0 0 0–5 0–1 0 0
AJ224969 Collagen col-2 BMC00160 0–04 0 0–2 0–1 0 0 0
X91066 Ribosomal rpp-1 BMC00166 0–6 0–4 1–0 0–6 1–2 0–4 0–3
* Bp, Brugia pahangi ; Bm, Brugia malayi ; AM, adult male; AF, adult female; MF, microfilaria.
 L4 SL1 dataset only.
Fig. 3. Expression patterns of the Brugia pahangi
tropomyosin and troponin genes by RT–PCR. The
graphs show the ratio of the expression of (A)
tropomyosin and (B) troponin compared to that of the
constitutively expressed ribosomal protein gene at
various points throughout the nematode life-cycle,
determined as described in the Materials and Methods
section.
constitutively expressed ribosomal protein mRNA.
Significant levels of expression were only detected
for both tropomyosin and troponin at day 8 p.i., by
which time the parasites are immature L3. In general
the results obtained with the mammalian stages of
the life-cycle were similar to those obtained by
Northern blot, in that very low levels of expression
of all the mRNAs were detected in adult worms.
Fig. 4. Western blot analysis of troponin expression.
Brugia pahangi L3 (Lanes 1 and 2), L4 (Lanes 3 and 4)
and adult (Lanes 5 and 6) worms were used to make
SDS extracts. The protein extracts were separated on a
12–5% SDS polyacrylamide gel, blotted onto
nitrocellulose paper and then incubated in either pre-
bleed (Lanes 1, 3 and 5) or anti-troponin serum (Lanes
2, 4 and 6) at a 1}200 dilution. The sizes of the
molecular weight standards are indicated in kDa on the
left-hand side of the blot.
Transcripts for one of the cuticular collagens (clone
C) were detectable at 24 h p.i. of the mosquito but, as
with the tropomyosin and troponin genes, significant
levels of expression were only detected at day 8 p.i.
(data not shown).
Further analysis of the Brugia troponin
A 420 bp fragment containing the partial Brugia
troponin cDNA was amplified and expressed in a
pQE30 (Qiagen) vector, with the aim of raising a
polyclonal antiserum to the recombinant protein. As
similar E-rich proteins had been identified during
the course of the B. malayi genome sequencing
project, and appeared to be particularly well repre-
sented in cDNA libraries prepared from the L3 stage
of the life-cycle (Blaxter et al. 1996), it was of interest
to further characterize one member of the family.
While the results of the Northern blot demonstrated
that the troponin mRNA was differentially
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A B
C D
Fig. 5. Immunoelectron micrographs showing the distribution of troponin in Brugia pahangi. Day 6 p.i. L3 (A and B)
or adult worms (C and D) were prepared using the low-temperature embedding protocol, as described in the
Materials and Methods section. Sections were labelled with rabbit anti-troponin antibody (A and C) or the
corresponding pre-bleeds (B and D) at a 1}100 dilution. The distribution of bound antibody was visualized using
10 nm goat anti-rabbit gold conjugate.
expressed, analysis of the pattern of protein ex-
pression, by Western blot, showed that the protein
was present in each life-cycle stage tested. The
polyclonal antiserum bound to a single band at
66 kDa (Fig. 4), the correct predicted size for the
mRNA transcript of 1–8 kb. Immunogold labelling
on sections of day 6 p.i. L3 (Fig. 5, panels A and B)
and adult parasites (panels C and D) further
confirmed the identity of the E-rich protein cDNA
as a muscle protein. As can be seen in the figure, the
gold particles specifically labelled the muscle fibres
in the body wall muscle blocks of both the larval and
adult parasites (panels A and C, respectively).
Sections incubated with the pre-bleed from the same
rabbit, showed only a background level of staining
(panels B and D).
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discussion
Each of the 4 clones characterized in this study was
highly expressed in the mosquito-derived L3 of B.
pahangi. Although the cDNA library from which
these clones were isolated was prepared by RT–PCR
on 3 day p.i. L3, the differential screening approach
proved successful in isolating cDNAs which were
up-regulated in the vector-derived L3. Presumably
this reflects the fact that the library contains genes
which are expressed throughout the L3 stage of the
life-cycle, as well as genes which are up-regulated in
the p.i. L3. Although none of the genes were full
length it was possible to assign identities to them all.
Interestingly, 4 of the 5 differentially expressed
cDNAs encoded structural proteins of the worm, a
finding which may reflect the fact that the mosquito-
derived L3 are developmentally blocked until trans-
mission to the mammalian host. mRNAs coding for
structural proteins may be relatively more abundant
in the L3 compared to the p.i. L3, in which
expression of many new mRNAs will be required for
survival}adaptation to the mammalian host. In
contrast to these results, when the same library was
screened using a similar protocol to identify cDNAs
up-regulated in the 3 day p.i. L3, only 1 of 4 genes
isolated showed homology to known sequences
(Martin et al. 1996). An additional screen was carried
out with the aim of identifying a cDNA clone which
was expressed in all life-cycle stages and which could
be used as a constitutive control for Northern blot
analysis and semi-quantitative RT–PCR. Clone EE4
was isolated for this purpose and was shown to be
expressed in all life-cycle stages tested. The same
gene was previously identified in this laboratory by
screening an adult Brugia cDNA library with an
antiserum raised to the L3 (S. J. Hunter, unpub-
lished observations). For each of the genes isolated,
a corresponding B. malayi EST exists. In all cases
the most homologous EST derives from a gene
expressed in the L3 stage of the life-cycle.
By Northern blot analysis it was possible to
confirm the expression pattern of the genes isolated.
As predicted from the screening procedure, each was
more highly expressed in the mosquito-derived L3.
The mRNAs for the collagen genes were also
abundant in day 15 p.i. L4, as well as in the
mosquito-derived L3, but transcripts could not be
detected in the adult parasite. A similar collagen
gene (Bm-col-2) has been cloned from a B. malayi
SL-1 L3 cDNA library and was also shown to be
transcribed at higher levels in the larval stages than
in the adult worm (Scott et al. 1995). Studies on the
free-living nematode C. elegans have demonstrated
that expression of different collagen genes peaks at
different times of the inter-moult period and that the
collagen genes expressed at each moult may vary
(Johnstone & Barry, 1996). The L3 of B. pahangi
moult to the L4 around day 6, while male worms
commence the L4 to adult moult around day 19
(Schacher, 1962). Thus the Brugia collagen genes
cloned in this study appear to be expressed well in
advance of the moult. The absence of detectable
collagen transcripts in the adult parasite confirms the
results of Selkirk et al. (1989) who demonstrated that
synthesis of cuticular collagens takes place at a very
low level in the adult worm.
Two of the differentially expressed genes coded
for the muscle proteins, tropomyosin and troponin.
Tropomyosin has been relatively well characterized
from other nematodes because of its potential as a
protective antigen. O’Donnell et al. (1989) reported
that a detergent extract of T. colubriformis L3,
enriched in tropomyosin, stimulated host immunity
in a guinea pig model. Studies in a mouse model of
Onchocerca lienalis infection, demonstrated that
immunization with an O. volvulus tropomyosin–
MBP fusion protein resulted in a significant re-
duction in microfilariae levels in the skin (Taylor,
Jenkins & Bianco, 1996). More recent data suggest
that antibody responses to tropomyosin are corre-
lated with reduced mf densities in the skin of O.
volvulus patients (Jenkins et al. 1998).
Tropomyosin interacts during muscle contraction
with troponin, which was also isolated in the current
screen. Both tropomyosin and troponin would be
expected to be expressed in muscle cells from all life-
cycle stages of Brugia. Additional studies in which a
fragment of the troponin cDNA was expressed as a
recombinant protein and used to make a polyclonal
antiserum, revealed that the protein was indeed
present in all life-cycle stages examined (L3, L4 and
adult worms). Thus the pattern of expression of the
mRNA differs from that of the protein, as the
Northern blot and RT–PCR analyses revealed only a
minimal troponin signal in adult worms. Presumably
the troponin mRNA is not continuously transcribed
throughout the life-cycle, and periods of synthesis
may preceed periods of growth, as with the collagens.
Immunogold localization using the polyclonal anti-
serum, demonstrated that troponin was localized to
the muscle blocks in both life-cycle stages examined.
The present study also demonstrated that it was
possible to detect the Brugia genes by RT–PCR
during parasite development in the mosquito.
Although previous workers have developed PCR
methods for detecting filarial-infected mosquitoes
for use in epidemiological studies these have relied
on the amplification of a highly repeated DNA
sequence, which is estimated to account for approxi-
mately 12% of the Brugia genome (McReynolds,
DeSimone & Williams, 1986). In this study, RT–
PCR was carried out on total RNA isolated from the
mosquito thorax, in which mosquito mRNA
molecules must greatly outnumber filarial-derived
mRNAs. This method does not give actual ex-
pression levels of the mRNA but rather gives a
measure of the relative abundance of a particular
cDNA clones from the L3 of Brugia 197
mRNA species compared to a constitutively
expressed gene (Johnstone & Barry, 1996). Although
a signal could be obtained with the early develop-
mental stages of the parasite in the mosquito, the
strongest signal with each of the genes was obtained
with immature L3 at day 8 p.i. This confirms the
data of others (Bianco et al. 1990; Ibrahim, Richie &
Scott, 1992) who demonstrated that many L3-
specific proteins in filarial nematodes are synthesized
during parasite development in the mosquito, in
readiness for the transfer to the mammalian host.
Although 4 of the 5 genes cloned in this study
coded for structural proteins, it has proved possible
to identify Brugia transcripts which are highly
expressed in the mosquito-derived L3 using the
differential screening approach. Vector-derived L3
cDNA libraries are now available through the filarial
genome sequencing consortium (Blaxter et al. 1996),
and are yielding a large number of potentially
interesting cDNA clones for further study.
This study was funded by grants from WHO, the MRC
and the Leverhulme Trust. E.D. is a Wellcome Trust
University Lecturer. We thank Dr Mark Blaxter, at the
University of Edinburgh for providing the B. malayi
cluster analysis, and Dr Iain Johnstone, at the Wellcome
Unit of Molecular Parasitology, University of Glasgow for
advice on the RT–PCR method. We would also like to
acknowledge the excellent technical assistance of Colin
Chapman and Margaret Mullin.
references
ash, l. r. (1974). Rodent models for the study of
lymphatic dwelling filarial worms. WHO Cyclostyled
Report, WHO}FIL}74.121.
bancroft, a. & devaney, e. (1993). The analysis of the
humoral response of the BALB}c mouse immunised
with radiation attenuated third stage larvae of Brugia
pahangi. Parasite Immunology 15, 153–162.
bannister, l. h. & kent, a. p. (1992). In Molecular
Parasitology Protocols (ed. Hyde, J. E.) pp. 415–429,
Hamana Press, Totowa, NJ.
bianco, a. e., robertson, b. d., kuo, y.-m., townson, s.
& ham, p. j. (1990). Developmentally regulated
expression and secretion of a polymorphic antigen by
Onchocerca infective-stage larvae. Molecular and
Biochemical Parasitology 39, 203–212.
blaxter, m. l., raghavan, n., ghosh, i., guiliano, d.,
lu, w., williams, s. a., slatko, b. & scott, a. l.
(1996). Genes expressed in Brugia malayi infective
third stage larvae. Molecular and Biochemical
Parasitology 77, 77–93.
blaxter, m. l., aslett, m. a., daub, j., guiliano, d. &
the filarial genome project (1999). Parasitic
helminth genomics. Parasitology (in the Press.)
carlow, c. k. s., perrone, j., spielman, a. & phillip, m.
(1987). Monoclonal antibody to a unique surface
epitope of the human filaria Brugia malayi identifies
infective larvae in mosquito vectors. Proceedings of the
National Academy of Sciences, USA 84, 6914–6918.
day, k. p., gregory, w. f. & maizels, r. m. (1991). Age-
specific acquisition of immunity to infective larvae in
a bancroftian filariasis endemic area of Papua New
Guinea. Parasite Immunology 13, 227.
devaney, e. & jecock, r. m. (1991). The expression of
the M
r
30,000 antigen in the third stage larvae of
Brugia pahangi. Parasite Immunology 13, 75–78.
frenkel, m., savin, k. w., bakker, r. e. & ward, c. w.
(1989). Characterisation of cDNA clones coding for
muscle tropomyosin of the nematode Trichostrongylus
colubriformis. Molecular and Biochemical Parasitology
37, 191–200.
griffiths, g. (1993). Fine Structure Immuno-
cytochemistry. Springer Verlag, Heidelberg.
ibrahim, m. s., richie, t. l. & scott, a. l. (1992).
Surface-associated antigens of Brugia malayi L2 and
L3 parasites during vector-stage development.
Molecular and Biochemical Parasitology 52, 97–110.
jenkins, r. e., taylor, m. j., gilvary, n. j. & bianco,
a. e. (1998). Tropomyosin implicated in host
protective responses to microfilariae in onchocerciasis.
Proceedings of the National Academy of Sciences, USA
95, 7550–7555.
johnstone, i. l. & barry, j. d. (1996). Temporal
reiteration of a precise gene expression pattern during
nematode development. EMBO Journal 15,
3633–3639.
joshua, g. w. p. & hsieh, c. y. (1995). Stage-specifically
expressed genes of Angiostrongylus cantonensis :
identification by differential display. Molecular and
Biochemical Parasitology 71, 285–289.
kramer, j. m., cox, g. n. & hirsch, d. (1982).
Comparisons of the complete sequences of two
collagen genes from Caenorhabditis elegans. Cell 30,
599–606.
lal, r. b. & ottesen, e. a. (1988). Characterisation of
stage-specific antigens of infective larvae of the filarial
parasite Brugia malayi. Journal of Immunology 138,
3454–3460.
maizels, r. m. & lawrence, r. a. (1991). Immunological
tolerance: The key feature in human filariasis?
Parasitology Today 7, 271–276.
martin, s. a. m., thompson, f. j. & devaney, e. (1995).
The construction of spliced leader cDNA libraries
from the filarial nematode Brugia pahangi. Molecular
and Biochemical Parasitology 70, 241–245.
martin, s. a. m., hunter, s. j., thompson, f. j. &
devaney, e. (1996). Stage-specific gene expression in
the post-infective L3 of the filarial nematode, Brugia
pahangi. Molecular and Biochemical Parasitology 79,
109–112.
michael, e., bundy, d. a. p. & grenfell, b. t. (1996).
Re-assessing the global prevalence and distribution of
lymphatic filariasis. Parasitology 112, 409–428.
mcreynolds, l. a., desimone, s. m. & williams, s. a.
(1986). Cloning and comparison of repeated DNA
sequences from the human filarial parasite Brugia
malayi and the animal parasite Brugia pahangi.
Proceedings of the National Academy of Sciences, USA
83, 797–801.
o’donnell, i. j., dineen, j. k., wagland, b. m., letho, s.,
werkmeister, a. & ward, c. w. (1989). A novel host-
protective antigen from Trichostrongylus colubriformis.
International Journal for Parasitology 19, 327–335.
S. J. Hunter and others 198
oothuman, p., denham, d. a., mcgreevy, p. b., nelson,
g. s. & rogers, r. (1979). Successful vaccination of
cats against Brugia pahangi with larvae attenuated
by irradiation with 10 kRad Cobalt 60. Parasite
Immunology 1, 209–216.
park, y.-s. & kramer, j. m. (1990). Tandemly duplicated
Caenorhabditis elegans collagen genes differ in their
modes of splicing. Journal of Molecular Biology 211,
395–406.
schacher, j. f. (1962). Developmental stages of Brugia
pahangi in the final host. Journal of Parasitology 48,
693–796.
scott, a. l., yenbutr, p., ward eisinger, s & raghavan,
n. (1995). Molecular cloning of the cuticular collagen
gene Bmcol-2 from Brugia malayi. Molecular and
Biochemical Parasitology 70, 221–225.
selkirk, m. e., nielsen, l., kelly, c., partono, f.,
sayers, g. & maizels, r. m. (1989). Identification,
synthesis and immunogenicity of cuticular collagens
from the filarial nematodes Brugia malayi and Brugia
pahangi. Molecular and Biochemical Parasitology 32,
229–246.
smillie, l. b., golosinska, k. & reinach, f. c. (1988).
Sequences of complete cDNAs encoding four variants
of chicken skeletal muscle troponin T. Journal of
Biological Chemistry 263, 18816–18820.
taylor, m. j., jenkins, r. e. & bianco, a. e. (1996).
Protective immunity induced by vaccination with
Onchocerca volvulus tropomyosin in rodents. Parasite
Immunology 18, 219–225.
triglia, t., stahl, h.-d., crewther, e., silva, a.,
anders, r. f. & kemp, d. j. (1988). Structure of a
Plasmodium falciparum gene that encodes a glutamic
acid-rich protein (GARP). Molecular and Biochemical
Parasitology 31, 199–202.
vanamail, p., subramanian, s., das, p. k., pani, s. p.,
rajagopalan, k., bundy, d. a. p. & grenfell, b. t.
(1989). Estimation of age-specific rates of acquisition
and loss of Wuchereria bancrofti infection.
Transactions of the Royal Society of Tropical Medicine
and Hygiene 83, 689–693.
wigboldus, j. d. (1987). cDNA and deduced amino acid
sequence of Drosophila rp21C, another ‘A’-type
ribosomal protein. Nucleic Acids Research 15, 10064.
